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ABSTRACT. Bed roughness is an important control on ice-stream location and dynamics. 9 
The majority of previous bed roughness studies have been based on data derived from 10 
radio-echo sounding (RES) transects across Antarctica and Greenland. However, the wide 11 
spacing of RES transects means that the links between roughness and flow are poorly 12 
constrained. Here, we use Digital Terrain Model (DTM)/bathymetry data from a well-13 
preserved palaeo-ice stream to investigate basal controls on the behaviour of contemporary 14 
ice streams. Artificial transects were set up across the Minch Palaeo-Ice Stream (NW 15 
Scotland) to mimic RES flight lines over Institute and Möller Ice Streams (Antarctica). We 16 
then explored how different data-resolution, transect orientation and spacing, and different 17 
methods, impact roughness measurements. Our results show that fast palaeo-ice flow can 18 
occur over a rough, hard bed, not just a smooth, soft bed, as previous work has suggested. 19 
Smooth areas of the bed occur over both bedrock and sediment covered regions. Similar 20 
trends in bed roughness values were found using Fast Fourier Transform analysis and 21 
standard deviation methods. Smoothing of bed roughness results can hide important details. 22 
We propose that the typical spacing of RES transects is too wide to capture different 23 
landform assemblages, and that transect orientation influences bed roughness 24 
measurements in both contemporary and palaeo-ice-stream setting.   25 
 26 
1. INTRODUCTION 27 
This paper aims to measure the bed roughness of contemporary subglacial and deglaciated terrains at 28 
analogous length scales. We define bed roughness as the vertical variation of terrain over a given 29 
horizontal distance (Siegert and others, 2005; Rippin and others, 2011). Accurate quantification of 30 
bed roughness beneath ice sheets is important because it is a primary control on basal drag and 31 
therefore ice flow velocity (Siegert and others, 2005; Bingham and others, 2017). Subglacial obstacles 32 
of ~0.5 to 1 m in both amplitude and horizontal wavelength have been shown theoretically to exert 33 
critical basal drag (Weertman, 1957; Kamb, 1970; Nye, 1970; Hubbard and Hubbard, 1998; Hubbard 34 
and others, 2000; Schoof, 2002); however, these obstacle dimensions lie below the resolution 35 
achievable by radio-echo sounding (RES) across ice sheets. Several authors have nevertheless 36 
explored the relationship of higher amplitude (several 100 m) and longer wavelength (100s of m to 37 
several km) bed roughness and ice dynamics across ice sheets using available RES data. These 38 
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analyses have suggested that beds beneath contemporary ice streams are relatively smooth, with 39 
roughness values decreasing downstream, whilst in surrounding areas of slower ice flow, the beds are 40 
relatively rougher (Siegert and others, 2004; Rippin and others, 2006; 2011; Callens and others, 41 
2014). As a consequence, basal roughness is regarded as one of the controls on ice-stream location, in 42 
particular for ice streams not topographically controlled by deep valleys (Siegert and others, 2004; 43 
Bingham and Siegert, 2009; Winsborrow and others, 2010; Rippin, 2013).                                                                           44 
 45 
While a relationship between bed roughness and ice dynamics is intuitive, quantifying such a 46 
relationship has proved elusive and several studies have produced findings that should be explored 47 
further. For example, it has been observed that fast flowing ice can also occur over a rough, hard bed 48 
(Schroeder and others, 2014). The reasons for a smooth bed underneath fast flowing ice can be varied, 49 
e.g., the existence of fine-grained sediments vs. streamlined topography (Li and others, 2010; Rippin 50 
and others, 2014). Ice-stream beds can be smooth along ice flow (parallel) and rough across flow 51 
(orthogonal) (King and others, 2009; Bingham and others, 2017), showing that the direction of bed 52 
roughness measurements is extremely important. Palaeo-ice-stream beds show the same pattern 53 
(Gudlaugsson and others, 2013; Lindbäck and Pettersson, 2015). Geology can have a strong control 54 
on the roughness underneath fast flowing ice as shown in previously glaciated gneiss terrains 55 
(Krabbendam and Bradwell, 2014). An increase in landform elongation ratios in a palaeo-ice stream 56 
has been related to the change from a rough to smooth bed (Bradwell and Stoker, 2015). The points 57 
raised by these studies demonstrate that bed roughness and its relationship to ice dynamics is 58 
complex. By using Digital Terrain Models (DTMs) from now-exposed palaeo-ice streams to calculate 59 
bed roughness, we propose that it may be possible to explore these complexities in more detail 60 
because the bed of a palaeo-ice stream can be directly observed over its entirety at much higher 61 
spatial resolutions than contemporary ice-stream beds.  62 
 63 
The bed roughness of contemporary ice sheets has been calculated along 1D topographic 64 
profiles (from RES tracks) predominantly using two different approaches, frequency domain methods 65 
e.g. Fast Fourier Transform (FFT) analysis (e.g. Taylor and others, 2004; Siegert and others, 2005; 66 
Bingham and Siegert, 2007; Li and others, 2010; Rippin, 2013) and space domain methods e.g. 67 
Standard Deviation (SD) (Layberry and Bamber, 2001; Rippin and others, 2014). Radar specularity 68 
has also been used to infer bed roughness (e.g. Schroeder and others, 2014).The scale of bed 69 
roughness measurements has mostly been controlled by the spacing between flight tracks, and the 70 
along track resolution, which is a function of the radar system used. Ice sheet scale studies have 71 
typically used track spacing of several kilometres with an along track resolution of a few metres 72 
(Siegert and others, 2004; Rippin and others, 2006; Bingham and others, 2007). Higher resolution 73 
radar imaging by King and others (2009; 2016) and Bingham and others (2017) has shown 74 
topographic detail that cannot be captured by the larger scale studies, and is similar to the detail 75 
 3 
available on deglaciated terrains from DTMs and bathymetric data unconstrained by ice cover (e.g. 76 
Bradwell and Stoker, 2015; Margold and others, 2015; Perkins and Brennand, 2015). Using DTMs 77 
also allows bed roughness to be measured in 2D and at much smaller scales. The resolution of DTMs 78 
is becoming finer, with pixels down to a few metres or less (e.g. LiDAR; Salcher and others, 2010; 79 
Putkinen and others, 2017). Analysis of DTMs from deglaciated areas provides an opportunity to 80 
show what is being missed when bed roughness measurements are interpolated across widely spaced 81 
RES transects. Bed roughness calculations made on this terrain can also be much more easily linked 82 
to the geomorphological and geological character of the bed, because individual landforms and 83 
geological variation can be observed directly.  84 
In this study, we compare the bed roughness of the deglaciated, Devensian, Minch Palaeo-Ice 85 
Stream and surrounding areas in NW Scotland, with the contemporary Institute and Möller Ice 86 
Streams in West Antarctica. The bed roughness of both ice streams is quantified along transects with 87 
the same grid spacing, but for the palaeo-ice stream is also calculated between transects. We test how 88 
several parameters influence the measurement and interpretation of bed roughness. Firstly, we gauge 89 
whether the method used to measure bed roughness, FFT analysis or SD, produces different results. 90 
Secondly, we explore whether RES track spacing is sufficient to capture bed roughness trends. 91 
Thirdly, we compare bed-roughness results from transects that have the same grid spacing as RES 92 
data with results calculated down to the DTM pixel resolution. Finally, we show how the orientation 93 
of transects in relation to ice-flow direction influences bed-roughness results.    94 
2. DATA AND METHODS   95 
2.1 STUDY SITES AND DATA 96 
The Minch Palaeo-Ice Stream (MPIS) drained the NW sector of the British and Irish Ice Sheet during 97 
the Devensian (Weichselian) glacial period (116 ± 11.5 ka BP), and has a well-documented glacial 98 
landform and sediment record (Bradwell and others, 2008a; Bradwell and Stoker, 2015; Fig. 1). Its 99 
onset zone lies in the mountainous NW Highlands of mainland Scotland, with peaks up to c. 1000 m 100 
above present-day sea level (m a.s.l.). At its maximum extent, several ice-stream tributaries flowed 101 
from breaches (at c. 300 m a.s.l.) in the present-day watershed in the NW Highlands mainland out to 102 
the shelf edge, at c. 200 m below present-day sea level (Bradwell and others, 2007; Bradwell and 103 
Stoker, 2015; Bradwell and others, 2016; Krabbendam and others, 2016). MPIS likely reached its 104 
maximum extent at c. 26 ± 28 ka (Chiverrell and Thomas, 2010; Clark and others, 2012; Praeg and 105 
others, 2015; Bradwell and others, 2016).  106 
Institute and Möller Ice Streams (IMIS) drain the West Antarctic Ice Sheet into Ronne Ice 107 
Shelf (Fig. 1). ,FH VXUIDFH YHORFLWLHV DUH XS WR  P DØï (Rignot and others, 2011). The inferred 108 
occurrence of sediments at the bed of Institute Ice Stream has been interpreted to be associated with a 109 
smooth bed (Bingham and Siegert, 2007; Siegert and others, 2016). The Ellsworth Trough Tributary, 110 
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a tributary of Institute Ice Stream, is topographically controlled (Ross and others, 2012).  111 
We compare MPIS with IMIS due to their relatively comparable scale. IMIS ice thickness 112 
varies between c. 50 ± 3000 m (Fretwell and others, 2013). A maximum ice thickness of 750 ± 1000 113 
m has been modelled for MPIS (Hubbard and others, 2009; Kuchar and others, 2012). IMIS drain an 114 
area of 140,000 km² and 66,000 km² respectively (Bingham and Siegert, 2009), whilst MPIS drained 115 
an area of 15,000 ± 20,000 km2 (Bradwell and others, 2007; Bradwell and Stoker, 2015). Institute Ice 116 
Stream is up to 82 km wide and the fast flowing section of the main trunk is 100 km long (Scambos 117 
and others, 2004). MPIS was 40-50 km wide and 200 km long in total (Bradwell and Stoker, 2015). 118 
MPIS had a discharge flux of 12-*WDØ1 (Bradwell and Stoker, 2015) compared to 21.6 and 6.4 Gt 119 
DØ1 for Institute and Möller Ice Streams respectively (Joughin and Bamber, 2005). 120 
For contemporary ice streams in Antarctica, the data used were RES transects with an along 121 
track resolution of 10 m, and a grid spacing of 30 x 10 km (Rippin and others, 2014). Data were 122 
acquired in the 2010/11 austral summer using the Polarimetric Airborne Survey Instrument (PASIN) 123 
with a frequency of 150 MHz (Ross and others, 2012). PASIN has retrieved bed-echoes through 4200 124 
m thick ice (Vaughan and others, 2006). Crossover analysis gave RMS differences of 18.29 m for ice 125 
thickness (Ross and others, 2012). The location of the data was determined using a differential GPS 126 
with a horizontal accuracy of approximately 5 cm. The reflections returned from the ice-stream bed 127 
were processed semi-automatically. The ice thickness (calculated every ̱10 m) was subtracted from 128 
ice surface elevations to calculate the bed elevations (Ross and others, 2014). For more detail on 129 
acquisition and processing of the RES data see Rippin and others (2014) and Ross and others (2012; 130 
2014). This dataset was used by Rippin and others (2014) to calculate bed roughness using both FFT 131 
analysis and SD.   132 
Figure 1 near here. 133 
Two high resolution datasets were used to calculate bed roughness of the Minch Palaeo-Ice 134 
Stream. For the onshore area, the NEXTMap DTM with a 5 m horizontal resolution and a 1 m vertical 135 
resolution, was used (Bradwell, 2013). NEXTMap DTM tiles were downloaded from the Centre for 136 
Environmental Data Analysis (CEDA) Archive (Intermap Technologies, 2009). For the offshore area, 137 
Bathymetric Multi Beam Echosounder Survey data (MBES) were used. The MBES data subset has a 138 
resolution of 4 m and encompasses the Little Minch and the southern area of The Minch (Fig. 1). The 139 
surveys around NW Scotland were undertaken by the Maritime & Coastguard Agency (MCA) 140 
between 2006 and 2012. For more detail on acquisition and processing of MBES data see Bradwell 141 
and Stoker (2015) or the Reports of Survey, which can be requested from MCA, the UK 142 
Hydrographic Office, the British Geological Survey or the Natural Environment Research Council. 143 
MPIS is characterised by numerous elongate landforms that show a higher elongation ratio than those 144 
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in adjacent areas (Bradwell and others, 2008b). Onshore, the bed of the palaeo-ice stream is 145 
dominated by bedrock (i.e. hard-bed) landforms (Krabbendam and Bradwell, 2010; Clark and others, 146 
2018) including bedrock megagrooves, crag and tails, whalebacks and roches moutonnées (partly 147 
within a cnoc-and-lochan landscapeHVSHFLDOO\FKDUDFWHULVWLFRI6FRWODQG¶VQRUWKZHVWUHJLRQ$VV\QW), 148 
with few soft-sediment covered landforms (e.g. Bradwell and others, 2007; Bradwell, and others, 149 
2008b; Krabbendam and Bradwell, 2011; Bradwell, 2013). In the Minch and further offshore on the 150 
Hebrides Shelf, the bed of the palaeo-ice stream comprises more soft-sediment landforms, such as 151 
drumlinoid features, although streamlined bedrock, crag-and-tail features, and megagrooves are also 152 
present, particularly in the inner Minch (Bradwell and Stoker, 2015; Bradwell and Stoker, 2016; 153 
Ballantyne and Small, 2018). Overdeepened basins occur, in particular close to the present-day coast, 154 
which is in part characterised by a fjord system (Bradwell and Stoker, 2016; Bradwell and others, 155 
2016). Increases in ice velocity are inferred from changes to landform elongation ratios located on the 156 
central Minch inner shelf (East Shiant Bank), which Bradwell and Stoker (2015) suggested is caused 157 
by the bed substrate changing from rough bedrock to smooth sediment.        158 
2.2 Methods 159 
Bed roughness along RES tracks in the Antarctic Ice Sheet and Greenland Ice Sheet has 160 
predominantly been quantified using either Fast Fourier Transform (FFT) analysis (e.g. Bingham and 161 
Siegert, 2009; Rippin, 2013; Rippin and others, 2014), or standard deviation (SD) of bed elevations 162 
(e.g. Layberry and Bamber, 2001; Rippin and others, 2014). FFT analysis transforms bed elevations 163 
into wavelength spectra (Gudlaugsson and others, 2013), producing a power spectrum (Bingham and 164 
Siegert, 2009), which is a measure of the intensity (power) of different wavelength obstacles along a 165 
transect. SD is a measure of variation in amplitude. Applied to elevation data, a higher standard 166 
deviation implies a greater spread between the high and low elevations, and thus a rougher bed. Both 167 
methods were used on MPIS and IMIS datasets to provide a comparison.  168 
Both roughness methods were applied to a 2D dataset from a deglaciated terrain, MPIS, and 169 
were compared with a 1D dataset from a glaciated terrain, IMIS. We constructed DQµDUWLILFLDO¶JULGRI170 
transects spaced 30 x 10 km apart over the high resolution NEXTMap DTM and MBES bathymetry 171 
of the deglaciated MPIS to mimic a gridded RES survey over the glaciated IMIS (Fig. 1). The transect 172 
spacing replicates the spacing and resolution of RES transects used by Rippin and others (2014) on 173 
IMIS. Points were constructed every 10 m along all transects, and the x, y and z coordinates were 174 
extracted from NEXTMap DTM and MBES bathymetry.  175 
Before bed roughness can be calculated using SD or FFT analysis, the elevation data have to 176 
be detrended to remove large wavelengths caused by mountains and valleys, which would otherwise 177 
dominate roughness measurements (Shepard and others, 2001; Smith, 2014). We are interested in 178 
roughness obstacles at a smaller scale than this i.e. those which affect drag. The elevation data for 179 
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each transect were detrended in R using the difference function (where difference = 2). This 180 
detrending method does not require a moving window, which removes one of many variables that 181 
affect the final bed-roughness results (Prescott, 2013; Smith, 2014). Standard deviation was then 182 
calculated along transects using a moving window size of 320 m (32 points) following previous 183 
studies (e.g. Taylor and others, 2004; Li and others, 2010). Where transects crossed lakes and coast, 184 
bed roughness values were removed to prevent bias towards smooth surfaces (Gudlaugsson and 185 
others, 2013) using the Ordnance Survey Meridian 2 lake regions shapefile (Ordnance Survey, 2017). 186 
FFT analysis requires continuous along-track data. For gaps of >100 m long (10 points), the transects 187 
ZHUHµFXW¶(Rippin and others, 2014). Note that, in the onshore DTM analysis, a lake functions like a 188 
data gap. FFT analysis was not calculated across these gaps. Following previous studies (e.g. Taylor 189 
and others, 2004; Bingham and Siegert, 2009; Rippin and others, 2014), FFT analysis was calculated 190 
along transects using a window of ʹே points, where N = 5 giving a window length of 320 m (32 191 
points). The total roughness parameter was then defined by calculating the integral of the power 192 
spectra for every window. Roughness at all scales up to the length of the window was integrated.  193 
The bed-roughness calculations from both methods were then interpolated using the Topo to 194 
Raster tool in ArcMap, with a 1 km output cell size. The interpolated values were smoothed with a 10 195 
km radius circle and a buffer of 2.5 km was applied either side of the transects. This allowed us to 196 
replicate the type of processed results that would be extracted from a RES survey. The same method 197 
as described above was applied to the RES transects for IMIS. The difference in bed roughness values 198 
was calculated for MPIS and IMIS at locations where transects crossed. Most SD results presented 199 
here are not normalised, but shown as absolute values in metres. However, when presented alongside 200 
the FFT results, the SD results were normalised, to enable a comparison. Following the post 201 
processing stages of interpolation, buffering, and smoothing, the data were normalised using a linear 202 
transformation. The results from both sites and both methods were re-scaled so that values range 203 
between 0 and 1.         204 
A grid of transects spaced 2 x 2 km apart was also created for the Ullapool megagroove area 205 
(Fig. 1), a well-characterised part of the onset zone of MPIS (Bradwell and others, 2008b). This finer 206 
grid was used to measure roughness in between the gaps created when widely spaced RES grids are 207 
used underneath contemporary ice sheets. A 2 x 2 km grid allowed interpolation between transects, 208 
and was aligned approximately parallel and orthogonal to palaeo-ice flow. Roughness was calculated 209 
using the same method as the larger grid, but the interpolation resolution was 200 m, and the values 210 
were smoothed using a 2 km radius circle. Roughness was also calculated for transects parallel and 211 
orthogonal to palaeo-ice flow, allowing differences in bed roughness between palaeo-ice flow 212 
directions to be calculated. Within the area of the 2 x 2 km grid, Bradwell and others (2008b) 213 
identified a bedform continuum, which equates to an erosional transition. This transition was 214 
interpreted as a thermal boundary by Bradwell and others (2008b), and bed roughness values from the 215 
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inferred areas of warm and cold bed conditions were extracted from the smoothed interpolation, to 216 
quantify differences in roughness between these areas. 217 
Finally, bed roughness was calculated over the entire onshore study area of the MPIS using a 218 
2D approach. The 2D approach uses standard deviation to calculate bed roughness across surfaces, 219 
rather than along 1D transects.  The 2D method allows the full coverage and resolution of the 220 
NEXTMap data to be analysed, so that bed roughness can be calculated for the gaps in between 1D 221 
transects. For every pixel, a circular window with a 320 m diameter was used for detrending and 222 
calculating bed roughness to match the results from the 1D approach. The NEXTMap DTM was 223 
detrended by subtracting a smoothed bed from the original terrain. Standard deviation was calculated 224 
from the detrended raster for each 320 m circular window. We present both unsmoothed and 225 
smoothed 2D data, to enable comparison with the smoothed 1D results. Unsmoothed 2D data allow us 226 
to look at the roughness calculations in more detail, whereas smoothed data show broader trends. Bed 227 
roughness was also calculated using the same approach above (except with a smaller 100 m window 228 
size) for all north-south pixels and all east-west pixels to assess directionality.  229 
3. RESULTS  230 
The 1D roughness results calculated using SD for IMIS (Fig. 2c) are, as expected, similar to those 231 
found by Rippin and others (2014) using FFT analysis (Fig. 2b). The locations of high and low values 232 
are similar but the relative magnitude of roughness trends appears reduced for SD (Fig. 2). Table 1 233 
shows a slightly smaller range in roughness values for IMIS SD and similar means for both methods. 234 
It should be noted that SD roughness results are reported in the text as real values, but are normalised 235 
in Fig. 2 and Table 1 to enable comparison with FFT analysis.  IMIS SD roughness values vary 236 
between c. 0.5 ± 4 m. Lower roughness values of 0.5 ± 1 m are generally located underneath the ice-237 
stream tributaries, whereas higher roughness values (2.5 ± 3.8 m) are associated with the Pirrit Hills 238 
and Nash Hills in the intertributary areas. The Ellsworth Tributary, a tributary of Institute Ice Stream, 239 
has low bed roughness values except where it joins the main trunk (~2.7 m). Similarly, Area D, a 240 
tributary of Möller Ice Stream, has mostly low roughness values, but with some higher bed roughness 241 
values (up to 2.8 m). Areas B and C, tributaries of Institute Ice Stream, generally have rougher beds 242 
than Areas A and D (up to 3.4 m). Parts of the inter-tributary area, however, have low roughness 243 
values (1 m). Thus, although there is a broad correlation between roughness and ice velocity, there are 244 
significant exceptions. 245 
Figure 2 near here. 246 
Table 1 near here. 247 
The SD bed roughness values for MPIS have a lower range (0 ± 1 m) compared to IMIS (0.5 248 
± 4 m). This also applies to the normalised SD values. The FFT bed roughness values for MPIS also 249 
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have a lower range compared to IMIS (Table 1). The SD bed roughness values are lower (0.1 ± 0.5 m) 250 
in the trunk of MPIS compared to the onset zones onshore (Fig. 2c). Most of the bed in the Minch is 251 
sediment covered, but some bedrock has been mapped (Fyfe and others, 1993; Bradwell and Stoker, 252 
2015), which is slightly rougher (0.2 m) than the sediment dominated areas (0.1 m). The bedrock in 253 
the Minch is significantly smoother than the onshore bedrock of the cnoc-and-lochan landscape (Fig. 254 
2c, d) in the onset zone (by up to 0.7 m). The 30 x 10 km grid is too low in resolution to give a 255 
detailed analysis of the transition between rough bedrock and smooth sediment in the Minch (Fig. 2). 256 
Within the Minch (bathymetry data), the flowlines coincide with smooth values (~0.1 m) (Fig. 2). 257 
This pattern contrasts with most of the flowlines in MPIS onset zones (Fig. 2), where values are 258 
rougher (0.2 ± 0.9 m). This compares to higher bed roughness values from IMIS, which vary from 1 ± 259 
2.9 m and 1 ± 3.8 m in the tributary and intertributary areas respectively (Fig. 2). The highest 260 
roughness values on the mainland of NW Scotland are found in the southern area (the Aird) of the 30 261 
x 10 km grid (1 m) (Fig. 2), whilst the lowest values are concentrated in the centre and east (0.2 m) 262 
(Fig. 2). The bed roughness results from SD and FFT analysis show similar trends in high and low 263 
values for MPIS (Fig. 2c, d). For example, over the Ullapool megagrooves, both methods produce bed 264 
roughness values of 0.1 (normalised values). However, the results calculated using SD are higher 265 
overall than those calculated from FFT analysis (higher mean in Table 1). This difference is largest 266 
over the cnoc-and-lochan area, where the SD results are up to 3.5 times higher. SD bed roughness 267 
results show slightly more variation than those calculated from FFT (Fig. 2c, d). For example, bed 268 
roughness values from the top east-west transect (Fig. 2c, d) are 0.01 when calculated using FFT 269 
analysis, but vary between 0.06 and 0.1 when calculated using SD.      270 
The bed roughness trends from the 30 x 10 km grid (Fig. 3c) match those calculated from the 271 
smoothed 2D approach (Fig. 3b) relatively well, particularly, the high roughness values over the cnoc-272 
and-lochan landscape (3 m compared to 1 m), and low roughness values over the central and NE 273 
areas. The unsmoothed 2D results (Fig. 3a) give a much more detailed picture of bed roughness. 274 
Within the cnoc-and-lochan terrain there are significant local variations in roughness that are not 275 
apparent in the smoothed 2D data (Fig. 3a, b), whilst the bedrock of the East Shiant Bank is visible in 276 
the unsmoothed roughness data but not the smoothed (Fig. 3a, b).   277 
Figure 3 near here. 278 
The 2 x 2 km grid records higher roughness over the Ullapool megagrooves compared to the 279 
larger grid (0.3 m compared to 0.7 m) (Figs. 4 and 2 respectively). The distribution of bed roughness 280 
values between the areas interpreted by Bradwell and others (2008b) as cold and warm bed conditions 281 
(Fig. 4a) over the Ullapool megagrooves show a clear difference. The area with a cold bed has 282 
predominantly lower bed roughness values, with a mean of 0.2 m, compared to the area where the bed 283 
was warm, with mean of 0.4 m (Fig. 5). There is a clear transition to higher bed roughness values over 284 
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the megagrooves compared to the surrounding   areas (Fig. 4a). 285 
Figure 4 near here. 286 
Figure 5 near here. 287 
4. DISCUSSION  288 
Our results show that similar patterns of bed roughness are found in both contemporary and palaeo-289 
ice stream settings, using the same transect spacing and along-transect resolution (Fig. 2). High and 290 
low roughness values can generally be found in areas of fast ice flow. This suggests that bed 291 
roughness is not always a controlling factor on the location of ice streaming.  Overall, the bed 292 
roughness results for IMIS are higher than MPIS. One reason for this difference could be the vertical 293 
resolution of RES data, which is lower compared to DTM data (5 m vs. 1 m respectively). Postglacial 294 
sedimentation could be one of the causes of this. For example, a thin layer (0.1 ± 10 m) of postglacial 295 
sediment deposition occurs in the Minch (Fyfe and others, 1993; Bradwell and Stoker, 2015), which 296 
will reduce the amplitude of small scale glacial features. Yet this is unlikely to be the case onshore, 297 
where predominantly exposed bedrock with more localised areas of postglacial sediment prevails 298 
(Krabbendam and Bradwell, 2010). Conversely, topographic profiles collected using RES are an 299 
average of the radar trace (King and others, 2016), which could cause such data to be slightly 300 
smoothed in comparison to data from visible surfaces e.g. DTMs. Without being able to see the entire 301 
bed of IMIS it is difficult to provide a definitive answer. We suggest that the reason for higher bed 302 
roughness in IMIS could be due to the difference in elevation range between the two locations. MPIS 303 
has an elevation range of 1493 m, whilst IMIS has an elevation range of 3582 m (Fretwell and others, 304 
2013).  305 
4.1 SD vs. FFT analysis methods 306 
Our comparison between SD and FFT analysis at the 1D scale for MPIS and IMIS showed similar 307 
broad trends of bed roughness, but there were differences (Fig. 2). For MPIS, the cnoc-and-lochan 308 
landscape appears rougher in the SD than in FFT (Fig. 2). Cnoc-and-lochan landscapes typically 309 
contain abundant lakes, which appear on a DTM as a flat surface. These are removed from the dataset 310 
to avoid bias towards a smooth surface. For FFT analysis to be carried out, transects measuring <320 311 
m between lakes are also removed from the data, causing data gaps. Where there are multiple lakes 312 
along a transect with <320 m between them, the SD method measures a high roughness value. FFT 313 
analysis cannot capture this variation in terrain. Some transects that are not impacted by lakes also 314 
have higher bed roughness values calculated from SD compared to FFT analysis. Both methods 315 
essentially measure the amplitude of the bed obstacles (Rippin and others, 2014), but FFT analysis 316 
measures the frequency of vertical undulations (Bingham and Siegert, 2009). We suggest that the FFT 317 
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analysis is measuring similar frequencies of elevation change. The results from the SD method for the 318 
same landscape are rougher than FFT analysis, because it is measuring large amplitude changes 319 
between the numerous hills and lakes. Furthermore, FFT analysis (total roughness parameter) 320 
integrates roughness at all scales up to the window size, whereas SD is calculated for the window size 321 
only. This will cause higher roughness results measured using SD because the values are calculated 322 
over a larger horizontal length-scale (Shepard and others, 2001). Both methods have advantages and 323 
disadvantages in their application. FFT analysis emphasises roughness frequency whilst SD provides 324 
a more intuitive measure of roughness scales.  325 
4.2 Transect spacing vs. complete coverage: what is missed?  326 
Measuring bed roughness on a palaeo-ice stream allows us to assess the validity of RES transect 327 
spacing used to measure bed roughness on contemporary ice streams. The 30 x 10 km grid misses key 328 
areas of glacial landforms used to interpret MPIS ice dynamics, such as the transition from rough 329 
bedrock to smooth sediments in the bathymetry data (Fig. 2) (Bradwell and Stoker, 2015). For the 330 
onshore data, shifting the 30 x 10 km grid by a few km north or south would miss the Ullapool 331 
megagrooves altogether (Fig. 2). Entire inselbergs and mountain massifs are missed (blue boxes on 332 
Fig. 3): in the 2D roughness maps these areas appear as very rough and it is known these had a 333 
profound effect on local ice dynamics (Bradwell 2005; 2013; Finlayson and others, 2011).  334 
Conversely, some areas appear rough on the 1D transect, but appear on the 2D maps as fairly smooth 335 
(red boxes on Fig. 3). A much more detailed picture of 2D bed roughness trends can be achieved 336 
without the smoothing employed by previous studies (Fig. 3a) (e.g. Rippin and others, 2014). For 337 
example, all the cnoc-and-lochan area appears rough on the smoothed 2D data, but the unsmoothed 338 
data show that some parts are smooth (Fig. 3a, b). The 2D method surpasses the detail that can be 339 
captured by the 1D transects, but does not allow for analysis of the bed roughness directionality 340 
(anisotropy). It is clear that exploring palaeo-ice-stream roughness is possible at much higher 341 
resolutions than for contemporary ice streams, and important insights regarding the roughness of 342 
subglacial terrain may thus be learnt from these environments (Gudlaugsson and others, 2013). 343 
A 30 x 10 km grid is too widely spaced to capture bed roughness of some landform 344 
assemblages. The question of what grid size should be used is an important one. The Ullapool 345 
megagrooves for example, cover an area of 6 x 10 km, and individual grooves are up to 4 km long 346 
(Krabbendam and others, 2016). A grid size of 2 x 2 km is arguably more suitable (Fig. 4). The size of 347 
glacial landforms that can be measured at DTM resolution varies largely, approximately 10-10΁ m 348 
(Clark, 1993; Bennett and Glasser, 2009), and a grid size that can measure mega-groove bed 349 
roughness might not be appropriate for other landform assemblages. The landscape underneath ice 350 
streams has been captured in detail using RES grids with transects spaced 500 m apart (King and 351 
others, 2009; King and others, 2016; Bingham and others, 2017). Importantly, these studies only used 352 
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orthogonal transects because RES can pick up multiple landform crests parallel to ice flow (King and 353 
others, 2016). Acquiring RES tracks at 500 m spacing for large areas is very challenging, but future 354 
surveys could be focused on locations where rough, streamlined topography is thought to be present 355 
(Bingham and others, 2017), or areas that could cause a future sea level rise through rapid retreat e.g. 356 
Thwaites Glacier (Joughin and others, 2014; DeConto and Pollard, 2016). Drones or Unmanned 357 
Aerial Vehicles (UAVs) have the potential to make RES data collection with small track spacing 358 
more viable over large areas (e.g. Leuschen and others, 2014).  359 
4.3 The importance of transect orientation  360 
The locations of high roughness values over MPIS, measured by both SD and FFT analysis along 361 
transects, do not always reflect qualitative roughness seen in the DTM and bathymetry data. This 362 
problem has been investigated previously for bed roughness (e.g. Gudlaugsson and others, 2013; 363 
Rippin and others, 2014) and englacial layers (e.g. Ng and Conway, 2004; Bingham and others, 364 
2015), and transect orientation was shown to be important. To explore the influence of transect 365 
orientation on bed roughness we calculated bed roughness separately for north-south and east-west 366 
transects for both MPIS and IMIS (Fig. 6). Where transects cross each other, the difference in 367 
roughness was calculated (Fig. 6c, f). This was also done for transects on a pixel scale spacing for 368 
MPIS (Fig. 7). The difference in roughness of cross-cutting transects can be seen as a measure of 369 
directionality (anisotropy).  370 
Figure 6 near here. 371 
In MPIS some areas show a difference between east-west and north-south transects, 372 
suggesting significant anisotropy. The north-south transect along the West coast has higher roughness 373 
values (Fig. 6), notably for the lower part of the cnoc-and-lochan landscape on the exposed gneiss 374 
bedrock in the Assynt area (Krabbendam and Bradwell, 2014) and the edge of Ullapool mega grooves 375 
area (Bradwell and others, 2008b). This same pattern is also apparent in more detail at the pixel scale 376 
(Fig. 7). In the Minch the east-west pixels are rougher over the exposed bedrock (East Shiant Bank) 377 
(Fig. 7c), which is not shown in Fig. 6 because of the wide transect spacing. In both cases, the rougher 378 
transects are orthogonal to palaeo-ice flow, and support previous observations of bedrock smoothing 379 
by streaming ice (Bradwell and Stoker, 2015; Ballantyne and Small, 2018). The east-west transects 380 
crossing the Aird are rougher than the north-south transects (Fig. 6). Closer inspection of the 381 
NEXTMap DTM reveals these rough values are located where the east-west transects cross deeply 382 
incised river valleys. Post-glacial erosion or sediment deposition can impact on palaeo-ice-stream bed 383 
roughness values. In IMIS east-west transects have higher roughness values predominantly in the 384 
tributaries labelled C and D, whilst the north-south transects have higher roughness values under 385 
tributaries A and B (Fig. 6). Although the direction of these transects is not related to ice flow as 386 
analysed by Rippin and others, (2014), it shows that the direction of transects influences the bed 387 
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roughness results for both contemporary and palaeo-ice streams.   388 
For contemporary ice streams it has been shown that the transect orientation in relation to ice 389 
flow can bias interpretation (e.g. Rippin and others, 2014; Bingham and others, 2015; Bingham and 390 
others, 2017). Parallel to ice flow, the data tend to show smooth beds (Lindbäck and Pettersson, 2015) 391 
and undisrupted ice layering (Bingham and others, 2015), whereas data orthogonal to ice flow can 392 
show rough topography (Rippin and others, 2014; Bingham and others, 2017), which can be caused 393 
by streamlined features, e.g., mega grooves or mega-scale glacial lineations (MSGLs). These 394 
landforms have strong anisotropy (Spagnolo and others, 2017). The advantage of looking at palaeo-395 
ice-stream beds compared to contemporary ice-stream beds is that the landforms can be observed 396 
directly. The strong anisotropy of the Ullapool megagrooves, already known from traditional 397 
geomorphological studies (Bradwell and others, 2007; Krabbendam and others, 2016), is well 398 
captured by the 2 x 2 km grid results (Fig. 4b, c, d). Flow parallel transects are smoother (0.4 m), than 399 
the orthogonal transects (1 m). The roughness orthogonal to palaeo-ice flow is up to 2 x higher than 400 
parallel palaeo-ice flow. The same pattern is shown in Fig. 7. The formation of hard-bed megagrooves 401 
smooths the bed along ice-flow, but may lead to increased roughness orthogonal to ice flow, for 402 
instance by lateral plucking (Krabbendam and Bradwell, 2011; Krabbendam and others, 2016).  403 
4.4 Roughness as a control on ice-stream location 404 
The bed-roughness measurements extracted across MPIS using the 1D and 2D SD methods show that 405 
high roughness values occur in some areas interpreted as having hosted fast palaeo-ice flow (see 406 
MPIS flow paths, Fig. 2, 3). A rough bed underneath fast flowing ice is not typically assumed and is 407 
at odds with some previous findings from contemporary ice streams that show low roughness values 408 
i.e. a smooth bed, beneath fast flowing ice (e.g. Siegert and others, 2004; Bingham and Siegert, 2007; 409 
Rippin and others, 2011). Warm basal ice will be present in fast flowing areas whilst ice underneath 410 
slow flowing regions is likely to be frozen at the bed (Benn and Evans, 2010). Bradwell and others 411 
(2008b) interpreted areas of cold and warm basal conditions for the Ullapool megagrooves and 412 
adjacent areas (Fig. 6). Bed roughness values are lower for the areas with cold basal conditions 413 
compared to the areas with warm basal conditions (Fig. 5). Bradwell and others (2008b) identified a 414 
marked change in the bedform continuum between cold-based and warm-based zones and suggested 415 
this was due to increased ice velocity. Thus, we suggest that areas of inferred slow palaeo-ice flow 416 
can be associated with a smooth bed. Higher erosion rates under the fast flowing palaeo-ice have 417 
produced larger, elongated bedforms, which have left behind a rougher bed overall (particularly 418 
orthogonal to palaeo-ice flow). It must be noted that this is for an area of exposed bedrock, with no 419 
sediment cover.  420 
Krabbendam (2016) argued that if there is a thick layer of temperate basal ice, fast flow can 421 
occur on a rough hard bed. In this setting, less basal drag occurs and thick temperate basal ice is 422 
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maintained by frictional heating, which produces high basal melt rates. The Laxfjord Palaeo-Ice 423 
Stream is a tributary to MPIS, identified by Bradwell (2013) (Fig. 1). Erosional landforms such as 424 
whalebacks and roches moutonnées were mapped on the bed of the Laxfjord Palaeo-Ice Stream, in the 425 
cnoc-and-lochan landscape (Bradwell, 2013). These landforms are indicative of warm based ice with 426 
meltwater present at the bed (Bennett and Glasser, 2009; Benn and Evans, 2010; Roberts and others, 427 
2013). Bradwell (2013) suggested that topographic funnelling of ice was the driver of palaeo-fast ice 428 
flow in the Loch Laxford area. MPIS has a dendritic network of overdeepened valleys that channelled 429 
ice into a main trough, and is thought to be topographically controlled (Bradwell and Stoker, 2015).  It 430 
thus appears that rough beds are possible in topographically steered ice streams, and that topographic 431 
VWHHULQJPD\µWUXPS¶URXJKQHVVDVDFRQWURORQLFH-stream location (see also Winsborrow and others, 432 
2010).  433 
Recent insights from contemporary ice streams support our results from MPIS. Schroeder and 434 
others (2014) demonstrated that the lower trunk of the fast flowing Thwaites Glacier is underlain by 435 
rough bedrock. Jordan and others (2017) found that warm-based areas, predicted by MacGregor and 436 
others (2016), underneath the northern part of the Greenland Ice Sheet, are relatively rough compared 437 
to predicted cold-based areas. A tributary to Institute Ice Stream, Ellsworth Tributary (Fig. 2), is 438 
topographically controlled (Ross and others, 2012), and Siegert and others (2016) suggest that this 439 
explains why fast flow occurs over rough areas of the bed. The suggested reasons for a rough bed 440 
underneath the Ellsworth Tributary are an absence of sediment deposition or excavation of pre-441 
existing sediment (Siegert and others, 2016). In MPIS in Scotland and surrounding areas, there is a 442 
strong geological control on roughness (Bradwell, 2013; Krabbendam and Bradwell, 2014; 443 
Krabbendam and others, 2016). This could be the underlying cause for the rough bed underneath the 444 
Ellsworth Tributary.  445 
Our results suggest that the bed roughness of a palaeo-ice stream and a contemporary ice 446 
stream are comparable, and support the notion that palaeo-ice streams can be used as analogues for 447 
contemporary ice streams (Bradwell and others, 2007; Rinterknecht and others, 2014; Bradwell and 448 
Stoker, 2015).         449 
4.5 Interpreting sediment cover from roughness calculations 450 
Bed roughness values from IMIS were smoother underneath the ice-stream tributaries compared to 451 
the intertributary areas (Fig. 2). Smooth beds beneath ice streams are typically explained by the 452 
inferred presence of soft sediment (Siegert and others, 2005; Li and others, 2010; Rippin, 2013). 453 
However, the Ullapool megagrooves (exposed bedrock features, without sediment cover) (Bradwell 454 
and others, 2008b), are smooth, particularly parallel to palaeo-ice flow (Fig. 4 and 7). Equally the East 455 
Shiant Bank includes bedrock, but is barely rougher than the adjacent, sediment-covered parts of the 456 
MPIS (Fig. 2). Smooth areas of below present-day ice streams may therefore not necessarily be 457 
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sediment covered.   458 
4.6 Recommendations for future studies 459 
The direction of transects influences the bed roughness results on palaeo- and contemporary ice 460 
streams. We suggest that future acquisition of RES tracks over contemporary ice streams are 461 
orientated parallel and orthogonal to flow where possible. Fine spacing of RES tracks i.e. 500 m 462 
orthogonal to ice flow only, could be focussed on locations where the bed is thought to be rough 463 
underneath fast flowing ice as this has been shown to have an impact on ice flow (Bingham and 464 
others, 2017). Further analysis of the relationship between grid size, bed roughness, and landforms 465 
assemblages is needed on palaeo-ice streams to give recommendations on the appropriate grid sizes. 466 
For palaeo-ice streams, including MPIS, bed roughness could be explored parallel and orthogonal to 467 
inferred flow lines (e.g. Gudlaugsson and others, 2013) to increase our understanding of the 468 
relationship between bed roughness and ice flow direction. The bed roughness of palaeo-ice streams 469 
dominated by sediment landforms (soft bed), could be compared with contemporary ice streams that 470 
are thought to have similar bed properties. Palaeo-ice streams provide an opportunity to improve our 471 
understanding of the relationship between landforms and bed roughness, and in turn, ice dynamics. 472 
The difference in what the SD and FFT analysis methods are measuring should be taken into account 473 
when these methods are applied in future studies. The effect of post-glacial erosion or sediment 474 
deposition on palaeo-ice-stream bed roughness values should also be taken into consideration.  475 
5. CONCLUSION  476 
We compared the bed roughness of the deglaciated Minch Palaeo-Ice Stream (MPIS) in Scotland, to 477 
the contemporary Institute and Möller Ice Streams (IMIS) in West Antarctica, using two analysis 478 
methods. We also investigated whether different grid spacing and orientation impact bed roughness 479 
measurements. The 30 x 10 km grid, which matches a previous RES transect distribution used for bed 480 
roughness studies over a large area on contemporary ice streams, is too coarse to confidently capture 481 
all the different landforms on a typical ice sheet bed. Using a finer 2 x 2 km grid we were able to 482 
show that transects parallel to palaeo-ice flow were smoother compared to orthogonal transects over 483 
the Ullapool megagrooves in the onset zone of MPIS. A clear difference in bed roughness values was 484 
also shown for pixel scale transects for MPIS, demonstrating how transect orientation influences 485 
roughness results. RES transects should be closer together in future studies and orientated in relation 486 
to ice flow where possible. This would allow for more representative bed roughness measurements 487 
because of the importance of flow direction on roughness patterns. SD produced similar results to 488 
FFT analysis for the majority of the data, but there were some differences which should be taken into 489 
account by future studies. Unsmoothed 2D roughness data for MPIS showed detail that is missed 490 
when 2D data is smoothed. 491 
Most MPIS flow paths in the onshore onset zones coincided with high bed roughness values, 492 
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whilst lower roughness values were associated with sediment cover in the main ice stream trunk. Yet, 493 
smooth areas of the bed beneath MPIS occurred over bedrock as well as the sediment covered areas. 494 
Low bed roughness beneath contemporary ice streams is not a reliable indicator of the presence of 495 
sediment. In this study we found that fast palaeo-ice flow has occurred over areas with high bed 496 
roughness values. Previous research often assumed that fast flowing ice streams are generally related 497 
to areas of low roughness. High and low bed roughness values were also found in the IMIS 498 
tributaries, which supports the notion that palaeo- and contemporary ice streams are comparable in 499 
terms of bed roughness. The diverse topography underneath ice streams needs to be measured in more 500 
detail to increase our understanding on what controls ice stream location. Palaeo-ice streams provide 501 
useful analogues for bed roughness underneath contemporary ice streams, and both can be used to 502 
inform the other.     503 
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Table 1. Statistics of bed roughness results for MPIS and IMIS, using both methods. These are normalised 715 
values. The maximum value and minimum value across all data sets was used to normalise. 716 
 717 
 718 
Site location and 
roughness method Range Minimum Maximum Mean 
MPIS SD 0.25 0 0.25 0.08 
MPIS FFT analysis 0.25 0 0.25 0.03 
IMIS SD 0.9 0.1 1 0.46 
IMIS FFT analysis 1 0 1 0.49 
